Abstract. Long baseline neutrino experiments are designed to complete the knowledge on 3-flavor neutrino mixing by measuring the flavor change of accelerator-produced neutrinos. The current status of the measurement of the neutrino mixing angles by running experiments are reviewed. The recent progress in the θ13 measurements is reported. The future plans which will search the CP violation in the neutrino sector are also discussed.
Introduction
Long baseline neutrino experiments mainly measure the neutrino mixing matrix by observing the "atmospheric" neutrino oscillation. The neutrino mixing among the three flavors, (ν e , ν µ , ν τ ), are described by the mixing matrix, U PMNS , and the mass eigenstates, (ν 1 , ν 2 , ν 3 ) as follows [1, 2] . where C ij ≡ cos θ ij and S ij ≡ sin θ ij . The neutrino oscillation is described by the six independent parameters including the mass squared differences among the mass eigenstates, ∆m 2 ij ≡ m 2 i −m 2 j . The knowledge on these parameters before 2010 is as follows [3] . The −0.06 . The remaining unknown parameters are θ 13 , the sign of ∆m 2 13 and δ. For the θ 13 , the upper limit is obtained, sin 2 θ 13 < 0.056(3σ). δ is completely unknown. These parameters are the targets of the current and future long base line experiments.
Overview of long baseline experiments
The main goal of the first generation of long base line experiments is to confirm the atmospheric neutrino oscillation by observing the dominant mode, ν µ → ν τ . The main target of K2K [4] and MINOS [5] is the measurement of ν µ → ν µ disappearance. The main target of OPERA [6] and ICURUS [7] is the measurement of ν µ → ν τ appearance. The second generation of long base line experiments, T2K [8] and NOνA [9] , search for the sub-dominant mode, ν µ → ν e , using the sub-MW neutrino beam.
MINOS uses the neutrino beam produced by 120 GeV protons from FNAL Main Injector and the beam power is 300 kW [10] . The bese line length is 735km and the produced beam energy is adjusted to ∼3 GeV. The magnetized tracking sampling calorimeters, which consist of the steel absorbers and the scintillator strips, are build in FNAL (980 tons) and Soudan (5400 tons) [11, 30] .
OPERA and ICURUS use the neutrino beam produced by 400 GeV protons from CERN SPS and the average beam power is ∼300 kW which depends on the accelerator operation mode sharing other experiments [19] . The base line length to Gran Sasso is 730 km and the mean of the produced neutrino energy is 18 GeV. OPERA build the 1.2 kt emulsion tracker with veto, scintillator tracker and the muon spectrometer [31] . ICURUS build the 760 ton liquid argon TPC with PMTs to detect scintillation light [34] .
T2K uses the neutrino beam produced by 30 GeV protons from J-PARC MR [12] . The design beam power is 750kW and the maximum power achieved is 145kW. The produced neutrino beam at the far detector has the narrow energy spectrum around 0.7 GeV because the off-axis method is used. The far detector is Super-Kamiokande which is 50 kt water cherenkov detector [13] .
NOνA will use the 700kW beam produced by FNAL Main injector which will be upgraded in 2013 [14] . The narrow band neutrino beam which has peak energy of ∼2 GeV will be produced using off-axis method. The 14 kt tracking calorimetor using liquid scintillator are under construction at Ash River which is 810 km away from FNAL.
Recent physics results
The oscillation probability of the ν µ → ν µ disappearance is described as
where L is the bese line length and E is the neutrino energy. MINOS has published the latest measurement of ν µ → ν µ disappearance using 7.25 × 10 20 POT data. The obtained results are |∆m 2 | = 2.32 +0.12 −0.08 × 10 −3 eV 2 and sin 2 2θ > 0.90 (90%CL) [15] . This is the world best measurement of |∆m 2 |.
T2K released the preliminary result of ν µ → ν µ disappearance in 2011 using 1.43 × 10 20 POT [35] . The obtained results, 2.1×10 −3 eV 2 < |∆m 2 | < 3.1×10 −3 eV 2 and sin 2 2θ > 0.86 (90%CL), are quite consistent with MINOS and SK atmospheric neutrino results [20] .
MINOS has published first measurement of anti-neutrino "atmospheric" oscillation in 2011 [16] and update it with increased statistics in August, 2011 [17] . The obtained results from ν µ →ν µ disappearance using 2.95 × 10 20 POT data are |∆m 2 | = 2.62
2 and sin 2 2θ = 0.95
−0.11 (stat) ± 0.01(syst), and they are consistent with the results from ν µ → ν µ disappearance within the errors.
The oscillation probability of the ν µ → ν τ appearance is described as 3.3. ν µ → ν e appearance The oscillation probability of the ν µ → ν e appearance is described as (1 − 2s
where a ≡ 2 √ 2G F n e E is the parameter of the matter effect. The first term is leading term which determine the size of ν µ → ν e appearance and it is approximated as P (ν µ → ν e ) 1 2 sin 2 2θ 13 sin 2 (∆m 2 23 L/E). The second term is CP odd. Therefore the CP violation can be observed if θ 13 = 0 and δ = 0.
T2K released the first results of the ν µ → ν e appearance in 2011 [23] . T2K observed six ν e candidates for 1.43 × 10 20 POT data while the number of expected background is 1.5 ± 0.3 for θ 13 = 0 hypothesis. The hypothesis of θ 13 = 0 is inconsistent with 2.5σ significance. It is first experimental indication of θ 13 = 0. The 90% confidence interval for the normal(inverted) mass-hierarchy hypothesis is 0.03 < sin 2 2θ 13 < 0.28 (0.04 < sin 2 2θ 13 < 0.34). MINOS reported the results of the ν µ → ν e appearance search using 8.2 × 10 20 POT data [18] . The number of the observed ν e is 62 where the expected number of the back ground is 49.5 ± 2.8(syst) ± 7.0(stat). The size of excess above background is 1.7σ 3.4. Near future prospects of ν µ → ν e appearance The data taking of T2K is stopped in March 2011 due to earth quake. J-PARC will restart operation from December 2011 and T2K data taking will be resumed after accelerator commissioning. T2K expects to accumulate ∼ 1 × 10 21 POT data by summer 2013 and it has 5σ sensitivity for present T2K central value. In 2013, J-PARC LINAC will be upgraded (181 MeV→400 MeV) and the beam power will be improved. T2K plan to accumulate ∼ 2 × 10 21 POT data and cover the sin 2 2θ 13 > 0.04 region with 3σ sensitivity. NOνA will start the data taking with the completed two third of the far detector in 2013 [33] . The data taking with fully completed far detector will start from early 2014. The running with neutrino beam and anti-neutrino beam 3 years, respectively, is planned. If sin 2 2θ 13 >> 0.05, the mass hierarchy can be determined for a half of possible δ values.
Future of long base line experiments
If the finite θ 13 is established by second generation long base line experiments, the next most important goal is CP violation search. The third long base line experiment will address the question whether the CP is violated or conserved for neutrino. And it will search for the mechanism of violation, PMNS-type standard scenario or anything exotic origin.
If ν e appearance signal is measurable size, ν µ → ν e appearance is suitble mode for CP violation search. The size of CP violation effect is proportional to sin δ sin θ 12 sin θ 23 sin θ 13 , and it directly depents on θ 13 . Thus, the value of θ 13 decides the design of the future long base line experiments. There are two method proposed to measrure CP violation effect in ν µ → ν e appearance. One method is to determine the size of δ from the energy spectrum shape of ν e appearance signal using a wide-band beam. The peak position and height for first and second oscillation maximum/minumum are depends on the sin δ and cos δ if the usual 3-flavor mixing mechanism assumed. Another method is to measure the difference between ν µ → ν e appearance andν µ →ν e appearance. This mothod is sensitive to any mechanism of CP violation.
The size of CP voilation is ∼20% at the mixmum, sin δ = 1, if the sin 2 θ 13 = 0.1 is assumed. Thus, the precise measurement of ν e appearance is essential to distinguish CP violation effect and the higher statistics is required. Therefore, multi-MW beam and huge far detector are the key issues to design the future long base line experiments.
The design studies for future logn bese line experiments are in progress. The proton acclerator development for MW neutrino beam is disccussed in CERN, FNAL and J-PARC [27, 28, 29] . There are two technology proposed for the huge far detector, O(1M t) water Charenkov detector and O(100kt) Lequid Argon TPC.
There are several site studies in progress [24, 32] . Here, two futre plans in Japan are introduced as a example. In one plan, new 1 Mt Water Cherenkov Detector at Kamioka will be built and it will measure both ν e andν e appearance, respectively, using J-PARC neutrino beam upgraded to 1.66MW [25] . In another plan, new 100 kt liquid argon TPC will be built in Okinoshima, 658 km away from J-PARC, and it will measure the energy spectrum of ν e appearance signal using upgraded J-PARC beam at 0.78 • off-axis [26] .
Summary
Long base line neutrino experiments mainly measure the neutrino mixing matrix by observing the atmospheric oscillation. The remaininging unknown parameters are one mixing angle (θ 13 ), the hierarchy of the mass eignstates (sign of ∆m 2 23 ) and one CP voilating imaginary phase(δ); Recently several new results obtained by long base line experiments. MINOS achieved the world best measurement of |∆m 2 23 |. MINOS obtained the first measurement ofν µ disappearance and conclude thatν µ oscillation is consistent with ν µ oscillation. OPERA observed a candidate of ν µ → ν τ oscillation. T2K observed the first indication of non-zero θ 13 .
Near future goal of long base line experiments is determination of θ 13 on which the observable size of CP violation effect in neutrino oscillation depends. The target of the future long base line experiments is the serach for CP violation in the neutrino oscillation. It requires the multi-MW neutrino beam and O(0.1 ∼ 1) Mt detector.
